We show the emergence of a new type of dispersion relation for neutral atoms where we find an interesting similarity with the spectrum for 2-Dimensional electrons in an applied perpendicular constant magnetic field. In strong contrast to the equi-distant infinitely degenerate Landau levels for charged particles, the spectral gap for the 2-Dimensional neutral particle increases in a particular electric field. Moreover, the spin-orbit nature of the coupling of neutral particles to the electric field confines only one component of the spin. The idea is motivated by the developments in cold atom experiments and builds on the seminal paper of Aharonov and Casher [1].
We know that 2-Dimensional charged particles, like electrons, in an applied perpendicular magnetic field generate Landau levels. The spectrum is infinitely degenerate. This happens because of the coupling of the electromagnetic gauge field A(x) to the momentum of the 2-D electrons in the Hamiltonian. Landau levels are generated due to interference of orbital motion of charged particles in the external magnetic field. The spectrum is controlled by the magnitude of the physically observed field. A similar question on the possibility of Landau levels generated by neutral particles can be asked. Following the same logic, we need to find the field that would couple to the orbital motion of neutral particles. A natural possibility would be to look at the spin-orbit coupling ((σ × p) · E with σ being the spin of the particle (assume s=1/2), E -electric field and p -momentum. This coupling will affect the orbital motion of neutral spin 1/2 particles via the electric field. One can ask therefore if one can discern any Landau level physics for neutral atoms. In this paper, we address the question of formation of discrete Landau like states for the neutral particles. In addition to similarities, the spin-orbit nature of the coupling indicates clear differences for these states compared to the normal electronic Landau level problem. In what follows we use the standard approach as first was laid out by Aharonov and Casher [1] . We start with the example of 2 dimensional cold atoms subject to an external electric field. For neutral atoms with magnetic moment and some electric field E, we get the following Hamiltonian for the neutral particles. [1] .
Here p is the two dimensional momentum, α is some coupling constant and the electric field E is applied in theŷ direction and given by E = γ y 2ŷ and σ x , σ y and σ z are the Pauli matrices. A very particular electric field configuration has been assumed here. To get this type of electric field we need a linear charge distribution in thê y direction given by ρ = 0 γy.
We consider the neutral atoms in optical traps with the help of lasers. Several laser beams are focused into one another. These beams interferes and creates potential profiles such that the neutral atoms can reside near the minimum of these potential. By changing the intensity of the lasers we end up with a pseudo spin-orbit like interaction as in the Hamiltonian [Eq. 1] for the neutral particles[2], [9] , [8] , [18] . The coupling constant α relates these pseudo 'spins' to the magnetic moments of the particles. One motivation to incorporate cold atoms in optical traps to see any signature of the Landau level physics is that the analogy between the pseudo 'spins' and magnetic moments for the chargeless particles then can be used. In an actual optical 2-Dimensional trap, the potential will be a function of both x, y coordinates, while p x and p y are not good quantum numbers. This difficulty can be circumvented by using a very shallow trap in the x direction and in that case, although not exactly a good quantum number, p x can still be asumed as a physically reasonable variable to a first order of approximation. As we procese with the simplification of the above Hamiltonian, we use p x , the x-component momentum, as a good quantum number which will in a way give landau likes states.
We also see an analogue of the gauge field coupling to the momentum of the neutral particles compared to the electromagnetic gauge coupling to the momentum of the electrons. These gauge fields are not Maxwell electromagnetic gauges, but are called synthetic gauges [2] . We write the Hamiltonian [Eq. 1] in the following manner to explore the emergence of the electric field and 'spin' dependent gauges. The components of these gauge fields arXiv:1412.1904v1 [quant-ph] 5 Dec 2014 also do not commute with each other. Therefore, we see that these gauge fields are quite different from the U(1) electromagnetic gauges. Mathematically, they represent SU(2) gauge fields. The particular y 2 dependent gauge fields can be contrasted with the electronic landau level problem. If we recollect the problem of Landau quantization in electrons, we use the gauge choice as A x = By; similarly here we have a y 2 dependent gauge which origins from the particular choice of the electric field. Actually, in this case we need both the neutral particles with magnetic moments and a charge distribution to achieve level quantization.
Coupling α in the above equation plays same role as e/c coupling in the case of the U(1) gauge potential. The above Hamiltonian [Eq. 1] can be further simplified (AP-PENDIX: A). Because of the particular form of the electric field in Eq. 1, it appears that there is an effective ydependent 'spin-orbit' coupling.
The last Hamiltonian contains σ z . Therefore, it separates into two parts. [σ z has two eigenvalues ±1].
The Hamiltonian does not depend explicitly on x. So, p x is a good quantum number as explained in the beginning of the paper and we can express the full wave function as ψ (x, y) = e i kx x φ(y). Inserting ψ (x, y) in Eq. 3, we get an effective Hamiltonian which acts on φ (y). . It depends on the mass of the neutral atoms as well as the on the x component momentum k. Only one part of the above hamiltonian gives us bound states for particles with spin +1 while the particles with the opposite spin experience an unbounded potential − 1 2 m ω 2 c y 2 . As a result this trap will be confining only for particles with one spin projection and the other particles will scatter off.
The wave functions and the dispersion relation are given below,
(4) The harmonic oscillator frequency ω c , depending both on the mass of the atom and the k x , gives extra freedom to control the spectrum in optical traps. If we assume that highest wave vector that can be achieved within the trap is k max , then the corresponding cyclotron frequency is ω max = αγhkmax 2m
. A plot of E n /hω max as a function of k x /k max is given in Fig 1. We also plot the probabilities for the ground and first few excited states, in the unit of mωc πh = 1, in Fig. 2 . The Hamiltonian [Eq. 2] contains only a σ z dependent term. This particular form can be attained in optical traps by tuning an equal mixture of Rashaba and Dresselhaus interactions. Tuning the optical coupling we write effective hamiltonian with either Rashba α(σ x k y − σ y k x ) or Dresselhaus β(σ x k y + σ y k x ) interaction. In this case, the particular form of the Hamiltonian is very similar to an equal weight of the Rashba and Dresselhaus interactions[2], [5] , [8] , [19] .
Estimate:
Now let us try to give some estimate of the energy gap in the Landau like dispersion relation. A typical energy gap is of the order ofhω c . Typically, this ish (αγ v x ). Taking some realisitic value for the γ = 10 10 V/m 3 and v x = 10 4 m/s and α = 10m 2 s −1 /V we get a typical energy gap of the order of 6.5 × 10 −9 eV. Therefore, the typical energy gap is of the order of a nano-electron Volt. The corresponding temperature for this type of energy levels is of the order of few microKelvin 10 −9 eV ∼ 10 −5 K. In optical traps one can attain low tempeature as this. Therefore, one can observe landau levels in neutral atoms with suitable magneto-optical trapping with microKelvin temperature [15] , [16] , [17] , [18] .
Conclusion:
In this paper we demonstrated that upon the application of quadratic electric field and induced spin-orbit coupling in optically trapped cold atoms, one can induce nontrivial spin dependent levels in the spectrum of the atoms. In contrast to Landau levels where the energy spectrum is equispaced, we find here a different energy spectrum with continuously increasing levels. We note that for the neutral particles with magnetic moments in the presence of specific charge distribution, a new type of gauge fields arise and couple to the momentum in the hamiltonian. This is to be contrasted with the Landau level physics of electrons in applied magnetic fields. Due the presence of σ z in [Eq. 3] only half of the trapped neutral particles show the Landau like behaviour and the other half just "flies away" due to the unbounded potential.
We have given an order of magnitude estimate of the gaps in the spectrum with some reasonable values of the parameters. An important point to note is that the cyclotron frequency depends on k x . For big wave number one can therefore tune the approximate energy gap to any value that is practical. At same time there are experimental limitations for observing a very large k x . The traps which can be created by the laser beams are of finite strength. The maximum value of k x depends of the potential depth as otheriwse the atoms will fly off from the traps and therefore it will not be possible to do the experiment.
We addressed the problem in optical traps. This set up gives one a reasonable freedom in choosing a large k x , but if some other setup can be arranged where we can have an electric field with γ as strong as 10 20 V/m 3 and v x ≈ 10 6 m/s we can create the gap in the meV scale. Ultimately the proposed mechanism to control neutral particles might be useful for optical applications.
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